INTRODUCTION

90
ing into water a contamination plume has formed, and it has been described in various case studies [Bocanegra et al. 2000 , Christensen et al. 2001 , Mor et al. 2006 ]. According to Bilgili et al. [2006] physical, chemical and biological processes, which occur within a conventional landfill, result in production of the leachate for a very long time, even after a landfill closure. The long-term environmental impacts caused by a leachate may last for several centuries [Bilgili et al. 2006 , Cossu et al. 2003 ]. So, groundwater and surface water occurring near closed landfills are subjected to infiltration of a very contaminated water from improperly sealed or not sealed dumping sites or from surface run-offs from landfill areas.
In Poland a number of municipal landfills were built in 1980's and 1990's. As there was no appropriate regulations and guidelines; these landfills were built most often without presently required protection against their negative impact on the environment i.e. without artificial sealing with a geomembrane, without draining the leachate and without a biogas collection system. A simple layer of clay or any other geological material at the bottom of a potential landfill functioned as a layer sealing the substrate. Only after the adoption of the Act on Waste in 2001 and after Poland joined the EU, municipalities started to provide new landfills with full protection systems and the old ones -still operating -were provided with piezometers to monitor the quality of ground water. In 2008 it was decided to close landfills without required protections against a negative impact on the environment. As a result, the number of landfills operated in Poland decreased from 879 in 2008 to 578 in 2011. Thus, more than 300 closed landfills started appeared, which due to biological and physicochemical processes occurring in waste and the lack of proper seal still pose a threat, especially to the ground waters. Additionally, the provision of low permeability landfill cover increase run-off and the possibility of contaminations to get to/migrate to adjacent land to the ground and water environment.
This work presents the groundwater and surface water quality assessment near a closed municipal landfill in Warminsko-Mazurskie Voivodeship in the north-eastern Poland.
MATERIAL AND METHODS
Area of study
The analyzed landfill is situated in Warminsko-Mazurskie Voivodeship in north-eastern Poland. Its operation started in 1983. In the landfill municipal waste is deposited: apart from fluid waste, hazardous substances, explosive, radioactive and toxic waste. Till 2010 waste was stored on a 7.7 ha (Cell A) quarter (Figure 1 ).
The quarter (Cell A) is sealed with a natural 31-meter clay substrate functioning as a geological barrier. In order to protect the ground-andwater environment a circumferential ditch to prevent contaminated water from getting out of the landfill area was constructed. In 2005 in the landfill 4 piezometers (P1, P2, P3, P4) were installed from which 3 piezometers (P2, P3, P4) are still working. In 2010 the operation of the Cell A was stopped and reclamation works as well as works to construct a new dumping quarter were started. It is estimated that in the closed quarter (Cell A) 550,000 Mg of waste was deposited. In a direct vicinity of the landfill there is a surface water reservoir left after a clay exploitation hollow.
The landfill area is situated on glacial clays covered with kame hills. Glacial clays lie at the depth of 31-56 m. In the land under study two water-bearing layers were found:
• inter-clay waters -found in the P4 piezometer -the water-bearing layer constitute sand lens occurring at various depths. A complex of glacial clays of a thickness above 50 m constitute the insulation of the water-bearing layer. Water runs off in S-E and S direction.
• intermoraine waters -found out in the P2 and P3 piezometers -fine and medium sands constitute a water-bearing layer. A complex of glacial clays of a thickness above 49.5 m constitute the insulation of the water-bearing layer. The insulation of this layer is a complex of boulder clays whose thickness does not exceed 49.5 m. The run-off direction of waters is S. Piezometr P2 is situated at the inflow of groundwater to the landfill and it was taken as a pollution background.
Details of the sampling points are presented in Table 1 .
Average rainfall in this region is about 650 mm annually. Approximately 40% of the rainfall occurs in the summer season, 23% -in autumn season, 15 % -in winter, and 22% -in spring. Average annual temperature is about 8 °C. Data analysis included a mean, minimum, maximum, standard deviation, t-Student test to analyze differences in the groundwater quality before and after closure of the Cell A and the analysis of seasonal effect on the groundwater quality.
METHODS
Groundwater
RESULT AND DISCUSSION
Analytical results of physicochemical characteristics of groundwater and surface water samples are presented in Table 2 and Figure 2 . The reaction (pH) of the examined groundwater ranged from 6.6 in the piezometer P4 to 7.8 in the P3 piezometer with the mean value of 7.2 in the inflow and outflow waters. The pH of the surface water fluctuated from 7 to 9.1 with the mean value of 8.4. The increase in the pH in the surface reservoir can be a result of its eutrophication. An excessive development of algae causes an increase in the photosynthesis intensity and the consumption of a substantial amount of CO 2 .
The conductivity of groundwater ranges from 360 mS/cm (P3) to 1,252 mS/cm (P4) with the mean of 695.5 mS/cm for inflow-water (P2) and 907.3 mS/cm for outflow-waters (P3, P4). The average conductivity of surface waters was 3,098.9 at that time (within the range of 1.252-7,660 mS/ cm). Fluctuations of EC in surface waters indicate a greater susceptibility of these waters to external factors and to inflow of contaminations from the landfill. The WHO permissible level for all analyzed heavy metals in surface water and groundwater during the analyzed period was not exceeded. The Cd levels ranged from 0.00005 mg/l in P2 to 0.0029 mg/l in P3 with the mean value of 0.0005 mg/l in P2 (inflow) and 0.0006 mg/l in outflow waters. The Cd mean value in surface water was 0.0005 mg/l (0.00005-0.0017 mg/l) and was close the content of this element in ground waters. Cadmium usually precipitates quickly as a carbonate or is subject to absorption by hydroxides and metal oxides. According to Skorbiłowicz A low degree of groundwater contamination with heavy metals results from the geological structure of the ground under the landfill. The clay layer exceeding at some places even 50 m is a physical barrier restricting the migration of contaminations. It is also a barrier where contaminations can be stopped due to the process of sorption. This sealing and sorptive action of the clay layer can be seen well in case of the TOC. The average TOC value in ground water is similar: 1.94 mg/l (P3) to 3.48 mg/l (P4). In surface water average TOC concentration is 40.05 mg/l, with its source being both surface run-offs from the landfill and the eutrophication process, which additionally enriches water with organic substances produced by algae. The mean concentration of PAH in inflow was 0.014 μg/l (P2) and 0.11 μg/l in outflow water. The highest PAH concentration was recorded in the P4 piezometer closest to the landfill. The P4 piezometer inlet is situated on the road to the landfill and it does not rise above the ground surface. It is possible that surface runoffs from the road surface get into the piezometer through its inlet and reach groundwater. The In order to evaluate the change in the quality of ground and surface water before and after landfill closure, the t-Student test was carried out -for results see Table 3 . In case of groundwater and surface water an improvement of the water quality after landfill closure was observed for Cd, Pb, Hg, EC, however, only the decrease in the Cd concentration was statistically significant; this was from 0.0006 to 0.0002 mg/l w P2, from 0.0008 to 0.0002 mg/l in P3 and from 0.001 to 0.000 mg/l in P4. Despite stopping waste disposal, the TOC level in groundwater was still similar and in case of the P3 it increased from 1.8 to 2.75 mg/l and in P4 from 3.46 to 3.60 mg/l. In surface water the TOC value decrease by about 25%, i.e. from 40.10 to 32.6 mg/l. The PAH concentration in surface water increased from 0.012 to 0.023 mg/l in P2, from 0.01 to 0.02 mg/l in P3 and from 0.012 to 0.023 mg/l. The increase in the PAH and TOC concentration after the landfill closure may be attributed to a slowdown of decomposition in the landfills. This supports the argument that PAH and TOC are long life pollutants in leachate and that PAH and TOC contents gradually increase in time. Similar mechanism for nitrogen was observed by Kim and Lee [2009] . In all piezometers also the Cr concentration increased: from 0.001 to 0.005 in P2, from 0.001 to 0.005 in P3, from 0.002 to 0.005 in P4. The author explains, however, that that it was caused by changing a laboratory, where samples were determined and where the sensitivity / accuracy of instruments for the analysis of the Cr was different. The concentration of other contamination indicators remained at a similar level.
Seasonal changes in the quality of groundwater and surface water were also analyzed -for results see Figure 3 . The highest pH value and the lowest EC were observed in summer during the most intensive rainfalls. This is a common phenomenon, where a decrease in the conductivity is a response to a decrease in the concentration of major components, such as Na, K, Ca, HCO 3 and Cl through dilution by rainwater [Ettler et al. 2008] . Similar behavior can be observed for Cd, Cu and for TOC in surface water. In case of Cu an increase in its concentration in spring season is observed. This phenomenon is due to rinsing out from areas adjacent to the landfill chemical fertilizer and liquid manure, which contain even up to 2000 mg Cu/kg, dry mass [Skorbiłowicz 2010 ]. The change in the concentration of Zn, Pb, Cr with an increasing trend during precipitations in summer cannot be explained by a simple hydrological mechanism. This phenomenon probably results from more complex geochemical/mineralogical reactions, which may include desorption or dissolution of solid phases in the landfill or in the bottom sediments in the stream downgradient in the landfill [Ettler et al. 2008] . In case of the Hg and PAH concentration, there are two peaks: one in summer and the other -in winter. The increase of their concentration is related to atmospheric precipitation and winter/spring time thaws, which wash away pollutants from the surfaces of roads, squares and parking lots, causing water contamination.
CONCLUSIONS
The heavy metal concentration in groundwater and surface water both during operation of the landfill and after its closure did not exceed permissible levels determined by WHO. Cr is an exception; itsconcentration in surface water during operation of the landfill reached a level of up to 0.028 mg/l (with the mean value of 0.006 mg/l during landfill operation/exploitation and 0.005 mg/l after the landfill closure). An effective protection against infiltration of contaminations to the ground substrate is the 50 m thick clay layer, where sorption of contaminations can occur.
The contamination of surface waters is due mainly to surface run-offs both from the landfill area and from adjacent land and to dust precipitation during operation of the landfill. An additional source of contamination is the process of eurotrophisation enriching surface water with organic substances. The evidence of that is a permanent high TOC level after the closure of the landfill as well as pH level higher than in case of groundwater, which is an evidence of a CO2 consumption in the process of photosynthesis.
In all examined waters after the landfill closure a decrease of EC value was observed. After completion of landfill exploitation an increase in PAH and TOC concentration in case of groundwater and an increase in PAH concentration in case of surface water were observed. This may be attributed to the slowdown of decomposition in the landfills. This supports the argument that PAH and TOC are a long life pollutants in the leachate and that PAH and TOC content gradually increases in time. An additional PAH source for ground and surface water were surface run-offs from road surfaces, yards and parking lots, which occured mainly during intensive atmospheric precipitations in summer and during winter/spring time thaws. Atmospheric precipitations cause the decrease of Cd, Cu, EC value and the increase of pH due to dilution. The increase in the Cu concentration in analyzed waters in spring time results from washing out chemical fertilizers and liquid manure, which contain a large content of Cu, from adjacent land. The change in the concentration of Zn, Pb, Cr with an increasing trend during precipitation results from more complex geochemical/mineralogical reactions, which may include desorption or dissolution of solid phases in the landfill or in the bottom sediments in the stream downgradient in the landfill.
